The ablation parameters such as threshold fluence, etch depth, ablation rate and the effect of material targets were investigated under the interaction of laser pulse with low intensity. The parameters of the laser system are: laser pulse energy in the range of 110-140 mJ, wavelength 1064 nm and pulse duration 20 ns. By macroscopic estimation of the outward images of the ablation and data obtained, we can conclude that the photothermal and photoionization processes have more influence for aluminum ablation. In contrast, for polymer samples, from the macroscopic observation of the border pattern at the irradiated spot, and also the data obtained from the experiment results, we deduce that both chemical change due to heating and photochemical dissociation were effective mechanisms of ablation. However, concerning the two polymer samples, apart from considering the same theoretical ablation model, it is conceived that the photomehanical specifications of PMMA are involved in the ablation parameters. The threshold fluence for an ablation rate of 30 laser shots were obtained as 12.4, 24.64, and 11.71 J cm −2 , for aluminum, silicon rubber and polymethylmethacrylate (PMMA) respectively. The ablation rate is exponentially decreased by the laser-shot number, especially for aluminum. Furthermore, the etch depth after 30 laser shots was measured as 180, 630 and 870 μm, for aluminum, silicon rubber and PMMA, respectively.
Introduction
Laser ablation is a way to remove atoms from a solid by delivering greater laser pulse energy than atom binding energy. For the beginning ablation of the specific amount of material considering laser pulse duration, one can apply a laser pulse with low intensity at nanosecond regime and higher intensity at femtosecond regime. This is proportionally inverse to the pulse duration. For instance, laser ablation with a 20-50 ns pulse requires 10 9 -10 10 W cm −2 [1] , while a 50-100 fs pulse would be able to ablate the same amount of material at the intensity of 10 13 -10 14 W cm −2 [2] . Different mechanisms such as photothermal, photochemical and photomehanical are involved in the interaction of the laser pulse with different targets. Laser solid interaction based on the thermal processes followed by melting and evaporation, especially for metals, offers a number of ablation models. These models describe nanosecond pulse laser interaction when, t < { } t 10
heat ei ps = τ L , where t L is the laser pulse duration and t heat or t ei is the heat transfer time or collisional time between electrons with a solid network or ions [3] . The ablation using nanosecond pulses is followed by almost collateral damage due to shock waves and the heat conduction produced in the irradiated material. On the other hand, in femtosecond regime of the laser pulse, when t t heat ei > 200 fs τ L , the major difference is that the laser energy transfer time is very short. Hence, the conventional hydrodynamic motions do not occur during the interaction time and the two forces are responsible for the momentum transfer from the laser field to the absorption zone of these forces; one is intense electric field produced by the charge separation due to fast ionization and the other is ponderomotive force. At the intensity of a laser pulse 10 13 -10 14 W cm −2 and femtosecond regime, almost full single ionization for any target occurs at the beginning of the laser pulse [4] . Consequently, the interaction of the laser pulse with both metals and dielectrics occurs in a similar way. However, in the nanosecond laser pulse, the mechanisms of ablation are distinguishable between metals and dielectric materials such as polymers. The nanosecond laser ablation with energy within the range of a 20-200 mJ was the basis of some applications. For instance, in metal ablation, the laser-produced plasmas have a low density and temperature; these properties are useful in many applications such as pulse laser deposition, molecular beam epitaxy, laser ion source, cluster emission, and so on [5, 6] . A study of the ablation and surface modifications of polymethylmethacrylate (PMMA) using a laser-plasma EUV source has been recorded [7] . Research on the ablation has continued during the past three decades. For instance, a study of the ablation threshold fluence has been reported with the metal, semiconductor, and polymer at different laser wavelengths [8] . In addition, the characteristic features of low-fluence laser pulse ablation of metals in the three different regimes of the nano-, pico-and femtosecond regimes were studied [9] . Also, the laser ablation of aluminum in multiple-nanosecond laser pulse has been presented [10] .
This report revolves around our goal to acquire some ablation parameters based on the dominant mechanisms involved in the interaction of laser pulse with aluminum as a metal, and silicon rubber and PMMA as the polymer targets. This study can be useful in obtaining complementary information about the physical and/or chemical specifications of metal and polymer targets irradiated by low-intensity nanosecond laser systems. Furthermore, some specifications of ablation have been investigated through the comparison of experimental data and theoretical models. The identification of the ablation parameters and analysis of the results could be useful in detailed study in the area of laser matter/plasma interaction at low-intensity laser pulse. Figure 1 shows the schematic diagram of the laser ablation system, which consists of the oscillator, amplifier with Nd: YAG active medium and focusing lens with focal length f = 7.5 cm. The divergence angle of the beam is about θ ∼ 0.8 mrad, and the diameter of the focused beam is calculated from relation 2w = 2fθ to be about 0.12 mm. The laser system works with active Q-switch at a 1064 nm wavelength, pulse duration 20 ns, and 110-140 mJ pulse energy. The target is mounted on a movable holder with the resolution of 0.01 mm in 2D of the target surface, with its normal along the incident laser beam.
Experimental setup
The target samples, aluminum, silicon rubber and PMMA should be prepared as a clean and smooth surface. A thick aluminum sheet was polished with three emeries with the following degrees of coarseness in the three stages: 600, 3000 and 5000, respectively. Then, the polished target was washed with methyl alcohol to remove the environmental impurities. The samples of silicon rubber and PMMA sheet with thickness of about 0.5 cm, were immersed for 5 min in an acetone solution and then washed with methyl alcohol in order to remove the pores and impurities. After that, the samples were located on the holder for irradiation with a laser pulse under an air atm pressure and at room temperature. The target is irradiated with 1, 10, 20 and 30 laser shots and then after each stage the irradiation spot was moved to a new point on the target. The ablation zone of the irradiated spot was investigated with an optical microscope, which was able to capture the images of the ablation zone with a resolution of 5 microns and 100-fold magnification.
Results and discussions
In section 3.1, based on macroscopic evidence, we try to describe the shapes of the irradiation spot and the processes involved in the target ablation. In section 3.2, our objective is the calculation of the threshold fluence based on the experiment results and considering different mechanisms of ablation. Sections 3.3 and 3.4, deal with the measurements of the ablation rate and the etch depth as a function of laser-shot number. In the long run, some ablation parameters are calculated for each sample.
Macroscopic and shape interpretation
In figures 2(a), 3(a) and 4(a), the irradiated spot images after focusing of 30 laser shots are demonstrated for the aluminum, silicon rubber, and PMMA targets, respectively. These images were observed by optical microscope with 100-fold magnification. In figures 2(b), 3(b), and 4(b), the profiles of the related incident laser pulse are seen as registered by the thermal-sheet indicator before focusing. The stability of the laser-beam profile is considered during the laser shots in each stage. It is interesting to compare the border of the irradiated spot and the related laser-beam profile by macroscopic analysis of the images. Indeed, we try to find any shape correlation between two borders in order to have quantitative analysis in the direct photo-decomposition process. In figure 2 (a), for aluminum the outward and shape evidence of the irradiated spot from the ablated-zone surface represents the smooth slabs and formation of the melted fragment due to heating on the irradiated area. As a consequence of melting, the crater of the ablated zone slightly encompasses a larger area than the irradiated zone. Hence, it is ineffectual to argue definitively the correlations between the border pattern of the irradiated spot in figure 2(a) and related incident laser-beam profile in figure 2(b). The diameter of the crater slab of the irradiated spot is about 0.6 mm. For silicon rubber, in figure 3 (a), the border of the irradiated spot shows itself as thin, with small slits and fractures and the crater of the irradiated spot does not exhibit residue from melting. However, due to the effect of silicon-rubber laxity, some spirit material of the target may be formed on the crater slab and thus changes the shape of the border. In comparison with the border pattern of figure 3(b), a slight similarity can be observed to that in figure 3 (a). The diameter of the crater slab of the irradiated spot is about 0.475 mm. Finally in figure 4(a) , the border of the irradiated spot shows itself as having sharp fractures and a scission for PMMA. The border pattern of the irradiated spot corresponds obviously to the related incident laser-beam border pattern in figure 4(b) . The diameter of the crater slab of the irradiated spot is about 0.575 mm. However, these observations imply that, apart from the photochemical decomposition owing to direct photointeraction and chemical change due to heating, the photomehanical specifications of PMMA simultaneously play an important role in the ablation process, with respect to silicon rubber. This point should be noted in the values of the related ablation parameters.
Threshold fluence based on the ablation mechanisms
Two main mechanisms have been considered as dominant mechanisms for the ablation processes: (i) photothermal mechanism and (ii) photochemical mechanism. The first is studied for the ablation of aluminum and the second for the two polymer samples, silicon rubber and PMMA.
(i) Laser heating is one of the main processes responsible for the ablation. Generally, with the hydrodynamic approach, the absorption of laser energy takes place in l , heat heating layer (heat penetration depth), which is defined as
where D is the thermal diffusivity, and for solids r = ( ) D k c , r is the mass density, k is the thermal conductance and c is the specific heat. If the heating layer is considerably larger than the absorption length a -( ), 1 where α is defined as the radiation absorption coefficient [11] , the temperature distribution in the axial direction along the normal into the target can be written from the 1D heat equation as follows, provided that the lateral heat flow is approximately negligible [12] :
where z is known as the etch depth with coordinate normal to the target surface, t, T, and c p are the time of the interaction, temperature, and specific heat capacity at constant pressure, respectively. Also, A is the optical surface absorbance of the target,  I is the laser intensity, and v a is the recoil velocity of the ablated mass [13] . Relation (1) is useful for nanosecond pulse duration when the heat conduction and fluid convection of the target material are important, especially for metals. The laser fluence is defined as
where  T and T v are the initial temperature and vapor temperature, respectively. Furthermore, for the metals, the evaporation often occurs after melting. Hence, changing from the melting phase to the vapor phase demands more energy in the heated layer and the condition a - l heat 1 is usually fulfilled. As a result, when energy absorbed into the vaporized layer exceeds L , v the etch depth can be written as a simple version [14] :
where the threshold fluence denoted by F , th represents the minimum energy above the significant evaporation and is given by relation » r F L l A th v th , in which l th is the threshold length » ( ) l heat [14] . However, for each laser pulse, it is too difficult to exactly measure the etch depth by optical microscope. Therefore, we can measure the etch depth after 10, 20, and 30 laser shots and then the final etch depth is divided by shot number in any stage. Nevertheless, after 30 laser shots, the values of the etch depth show better fitting. Thus, the threshold fluence is calculated based on the value of the etch depth for 30 laser shots. In relation (2), the values measured of z are divided by laser-shot number in each stage and are defined as the ablation rate. Now, z can be simply written as a line equation in terms of F, as follows: = -z a bF where, = r a 
A L v
In figure 5 , for aluminum, the experimental data of the ablation rate (dots) in terms of the laser fluence can be seen. The lines are obtained [15], the surface absorbance A, is obtained at ∼0.44. Since generally for metals A 0.1, it reveals that the amount of plasma generation on the irradiated surface is remarkable at the time of interaction and causes the surface absorbance to increase. In the metal ablation, the laser energy is almost exclusively absorbed by the conduction-band electrons in the metals and ionization mainly occurs through electron-electron collisions and plasma can be produced in this order of laser pulse energy. Furthermore, by substituting the value of the F th in terms of the l th or l , heat the heating layer is obtained to be m220 m and is much larger than a-15 nm 1 for aluminum [9] . Thus, the condition a - l heat 1 is also satisfied. Moreover, using the value of the heating layer, thermal diffusivity ( ) D for aluminum is calculated to be ∼0.5 cm 2 s −1 , which is in good agreement with result in the work [13] . The linear behavior of the ablation rate as a function of the laser fluence is in agreement with that reported at low laser fluence [16] . The noteworthy feature of the reduction of threshold fluence is when using KrF excimer laser with a 248 nm wavelength and 20 ns pulse duration, the threshold fluence has been obtained of the order 1-2 J cm −2 , for Al, Cu, Fe, Ag, etc [17] .
However, growth in the values of the F , th with t / L 1 2 has been reported [18] .
(ii) The photochemical model is employed as a simple but basic mechanism that takes into account the specific features of polymer materials. Nevertheless, both photochemical and photothermal ablation models are comprehensively studied for the surface and volume ablation of polymers [19] . For polymers, it is essentially believed that the pure photochemical mechanism results from direct bond breaking when UV lasers are used. Nevertheless, from the results obtained in section 3.1 and the results in this section, we try to illustrate that, at the energy of 110-140 mJ and a 1064 nm wavelength of laser pulse, it can be established that both processes, i.e. chemical changes due to heating and photochemical effect are involved in the ablation of polymer samples. But, especially for PMMA, the photomechanical effect is the dominant effect in ablation. According to relation (1), the first term on the right side of the relation can be neglected, since the thermal conduction in polymers is considered very low and the second term on the left side is negligible. Therefore, the 1D differential equation of the temperature in the time interval of laser interaction can be solved, as is obtained in relation (3). This relation is also used for any target such as metal or dielectric at ultra-short pulse or pico-to femtosecond regime of laser pulse [20] , 
Here, z is considered as the value of etch depth per pulse or ablation rate, as mentioned before. As can be seen in figures 6 and 7, the dots are the results of experiment for two polymer samples and the lines show the result of the fitting of the theoretical model to the experimental data based on relation (4). The reverse value of the threshold fluence denoted by b = -F th 1 and the radiation absorption coefficient for both polymer samples are summarized in table 2.
According to the data in table 2, for the values of β that resulted from the 30 laser shots, the threshold fluence F th is obtained; 24.64 and -11.71 J cm 2 for silicon rubber and PMMA, respectively.
The results show that the threshold fluence for silicon rubber is about twice as large as PMMA, while for PMMA it is nearly the same as aluminum. However, for the PMMA sample it is concluded that apart from photochemical and chemical change due to heating, the photomechanical specifications of PMMA influence its threshold fluence value. It is worth mentioning that a comprehensive study at femtosecond regime, with laser pulse energy 750 μJ, and wavelength 800 nm, the threshold fluence of ablation for PMMA and polycarbonate has been obtained in the range of 0.5-2.5 J cm −2 and depended significantly on the number of laser pulses [21] . According to table 2, for the 30 laser shots, the value of the radiation absorption coefficient a -( ) 1 is obtained, ∼0.001 714 cm for silicon rubber and 0.001 718 cm for PMMA. It is known that generally for polymers the mass density is r~-1 g cm 3 and the thermal conductivity and . Thus, the heating layer as defined in section 3.2, was calculated at the order of ∼10 −5 cm for silicon rubber and PMMA. It can be established that, compared with the related values of a -1 in table 2, in contrast to aluminum, the condition a - l heat 1 is satisfied for both polymer samples. Under interaction of picoand femtosecond laser pulse for solid targets the heated layer is decreased to reach the value of the absorption length a -( ) 1 and the condition ã -l heat 1 would be satisfied where the ablation can be considered as a direct solid-vapor transition [14] . More details of the photochemical ablation of PMMA at nanosecond regime with UV wavelength of laser pulse (193-248 nm) and low intensity, are reported [24] .
The study of ablation rate in terms of laser-shot number
The ablation rate here is denoted by AR for simplicity and its behavior was investigated in terms of the laser-shot number for all target samples. For the ablation rate of metals, the relation
is defined where N is the laser-shot number and c , 1 c 2 , and g are the ablation parameters [10] . For the polymer samples, it is assumed as a simple function,
. Figures 8-10 , show the behavior of the ablation rate for aluminum, silicon rubber, and PMMA, respectively, where the experimental data (dots) and fitting based on the related models (lines) are shown. The experiment results for aluminum have an exact agreement with the related model.
Measurement of etch depth
In this section, the behavior of etch depth for all the target samples is studied in terms of laser-shot number. According to figure 11 , the measurements show that the etch depth for aluminum is 180 μm, for silicon rubber 630 μm, and for PMMA 870 μm, after 30 laser shots. As mentioned in section 3.2, the plasma produced on the metal-irradiated surface can increase the optical absorbance. Also, the increase in optical absorption can also be due to vast changes in the target optical properties at very high temperatures. In contrast to the polymer samples, the plasma formation under this condition of laser pulse energy is negligible and heat conduction is low. In addition, for most of the polymers, the optical reflectivity is assumed to be about 0.1 and thus most of the optical energy is transferred to the inner part of the polymer target. Moreover, for polymers the optical absorbance depends on the sample thickness. For instance, PMMA sheet with a thickness of 0.2-2 cm, shows a logarithmic decrease in optical transmittance near infrared, and at the range of 1600-2500 nm of incident wavelength, it is approximately opaque [25] . Therefore, for polymer samples, the laser energy would be absorbed more effectively and hence the number density of photons, which should be absorbed to produce a significant number density of broken bonds and/or decomposition due to heating, can be increased. As a consequence, the etch depth for polymer samples increases significantly to about 3-4 times deeper than that of the aluminum sample. Moreover, at a high depletion on the surface, it is worth mentioning that the effective focusing point of the laser beam would not be completely on the target surface where the ablated materials are vented into the air. Hence, one of the possible explanations for polymer samples is that with higher than 30 laser shots most of the absorption of the laser energy occurs in the cavity of the ablation zone (i.e. air) rather than on the target. For this reason, as can be seen in figure 11 , the rate of the etch depth decreases for polymer samples. For aluminum, since a portion of the material as a melting fragment remains on the surface and takes part again in the ablation process, the etch depth grows with a small slope with the laser-shot number.
Conclusion
In the range of 128-137 mJ laser energy and a 1064 nm wavelength, the threshold fluence for silicon rubber was obtained twice as large as for PMMA, while the threshold fluence for PMMA was nearly the same as aluminum. Apart from the photoionization process, the photothermal heating such as melting and evaporation were established as the main processes for aluminum ablation, in contrast to the two polymers; both photochemical dissociation and decomposition due to heating were found to be involved. Especially for PMMA, it is inferred that the photomechanical effect influences the ablation process. Furthermore, outward ablation patterns and experiment results necessitated the knowledge of the effective photomehanical parameter so as to better describe the values of threshold fluence of PMMA and silicon rubber. The low intensity and main wavelength (1064 nm) of the laser pulse implied that the laser parameters play an important role in the evaluation of the ablation parameters.
